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Abstract
The revealing properties of transition metal (T)-doped graphene systems are investi-
gated with the use of the first-principles method. The detailed calculations cover the
bond length, position and height of adatoms, binding energy, atom-dominated band
structure, adatom-induced free carrier density as well as energy gap, spin-density dis-
tributions, spatial charge distribution, and atom-, orbital- and spin-projected density-
of-states (DOS). The magnetic configurations are clearly identified from the total mag-
netic moments, spin-split energy bands, spin-density distributions and spin-decomposed
DOS. Moreover, the single- or multi-orbital hybridizations in T-C, T-T, and C-C bonds
can be accurately deduced from the careful analyses of the above-mentioned physical
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quantities. They are responsible for the optimal geometric structure, the unusual elec-
tronic properties, as well as the diverse magnetic properties. All the doped systems are
metals except for the low-concentration Ni-doped ones with semiconducting behavior.
In contrast, ferromagnetism is exhibited in various Fe/Co-concentrations but only un-
der high Ni-concentrations. Our theoretical predictions are compared with available
experimental data, and potential applications are also discussed.
Keywords: Transition metal, graphene, first-principles, electronic, magnetic.
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1 Introduction
More than a decade has elapsed since 2004 when the discovery of few-layer graphene sys-
tems was reported. Ever since then, as a consequence of its remarkable properties, graphene
has been considered as one of the promising materials that could greatly improve the perfor-
mance of many products, e.g., capacitors,1,2 Li-ion batteries,3,4 gas sensors,5–8 and spintronic
devices.9–11 Finding ways to greatly diversify the fundamental properties of layered graphene
is one of the main-stream topics in physical, chemical and material sciences so as to expand
their potential applications. Available methods include modulation of the number of layers,
stacking configuration, guest-atom adsorption/intercalation/substitution, and defects. Sig-
nificant efforts for creating dramatic transformations of graphene’s fundamental properties
have been extensively reported in the literature. So far, chemical modification is consid-
ered to be the most efficient technique. The adatom-doped graphene structures have been
attracting a considerable amount of theoretical12–16 and experimental17–19 attention. The
dopant-created chemical bonding will continue to play a critical role in determining the most
stable configuration and thus other essential properties. More recently, the transition metal
(T)-doped graphene structures have gained a great deal of attention.20–23 These systems
have been reported to exhibit magnetism and other interesting properties that are promising
for spintronic devices and batteries.24–26 The aim of our present work is to investigate the
transition metal-enriched fundamental properties of monolayer graphene.
It is worthy noting that the chemisorption of transition metal adatoms to carbon honey-
comb lattice creates a fully modified system without damaging the distinctive one-atom-thick
construction itself. Fe-,24,27,28 Co-,28–30 and Ni-26,28,31 doped graphene materials have been
successfully produced. In general, there exist two available methods for depositing transi-
tion metals onto graphene-based materials. These are the direct adsorption on graphene
sheets32–38 and substitution via vacancy defects.39–42 The most stable adsorption sites of
Fe/Co/Ni on graphene have been verified using scanning tunneling microscopy (STM).43–45
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Additionally, the magnetic moment of Co-absorbed graphene is delicately measured by STM
spin-excitation spectroscopy.45 From a theoretical point of view, the previous studies are
conducted on many adatom types of transition-metal-doped graphene systems,23,25,26 how-
ever, the close relations among the geometrical structure, electronic properties, magnetic
configuration, and various adatom concentrations as well as their distributions have not
been thoroughly analyzed from the numerical calculations. The multi-orbital hybridization
between adatom and graphene, an important issue in understanding the electronic properties
modifications, is only slightly mentioned in several studies. Most of them mostly focus on low
adatom-concentrations23,46 and on investigation of the high-concentration (case 50% single-
side doping)22 in the absence of any detailed discussions. That is, the critical mechanisms
and pictures for the distinct physical properties are so far lacking.
In this paper, a theoretical framework is further developed to systematically investigate
the orbital hybridizations and spin distributions, which play critical roles in creating the
diverse electronic properties and magnetic configurations of the structures under investiga-
tion. It should be noticed that the single- or multi-orbital chemical bondings can be revealed
from the atom-dominated energy bands, the spatial charge distributions, and the atom- and
orbital-projected DOS. Additionally, the magnetic configurations, namely non-magnetic, fer-
romagneti, and anti-ferromagnetic, are examined by using spin-split band structures, the
magnetic moments, and the spin-decomposed DOS. For example, the electronic properties
of oxygen doped monolayer and few-layered graphene structures (finite-gap semiconductors,
zero-gap semiconductors, and semimetals) due to the critical chemical bondings in C-C,
C-O, and O-O bonds are indentified by the O-, (C,O)-, and C-dominated bands, the spa-
tial charge density before and after oxygen adsorptions, and the orbital-projected DOS.13
The anti-ferromagnetic configurations of zigzag graphene nanoribbons, being created by the
carbon edge’s spins, are observed in the spin-degenerate band structure and DOS, and the
opposite spin directions across the ribbon centers.47 This will serve as a first step toward a full
understanding of the varied electronic and magnetic properties not only for adatom-doped
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graphene systems, but also could be further generalized for other one-dimensional (1D) and
2D materials such as silicene-, germanene-, tinene-, MoS2-, and phosphorene-related layered
systems. This work provides accurate results for the diversified properties due to the Fe-
, Co-, and Ni-adsorptions with a wide range of adatom concentrations from fully (100%;
double-side) to low adsorptions (3%; single-side) through first-principles calculations by em-
ploying the density functional theory (DFT).48 Most important of all, concise chemical and
physical pictures are proposed to account for the presented rich and unique phenomena.
The first-principles calculations on Fe, Co and Ni-adsorbed graphene systems include
determining the binding energies, bond lengths, positions and heights of adatoms, atom-
dependent band structures, adatom-induced free carrier densities, spatial charge distri-
butions, spin configurations, magnetic moments, and atom-, orbital- and spin-projected
DOSs. The meticulous analyses of the calculated results are very useful for fully under-
standing the cooperative/competitive relations between the honeycomb lattice, the criti-
cal orbital hybridizations in carbon-adatom bonds, and the spin configurations. Whether
there exist distinct electronic properties (semiconductors or metals) and magnetic configura-
tions (non-magnetism, ferromagnetism, and anti-ferromagnetism) is carefully explored.The
above-mentioned results can be verified by experimental measurements, such as, STM,43
TEM,49 angle resolved photoemission spectroscopy (ARPES),50 and scanning tunneling
spectroscopy51(STS). Our complete and reliable results should be very helpful in the de-
sign and development of potential device applications.
2 Theoretical model
We note here that our first-principles calculations were performed with the use of the density
functional theory through the Vienna ab initio simulation software package (VASP).52,53The
projector augmented wave method was employed to evaluate the electron-ion interactions,54
whereas the electron-electron Coulomb interactions belong to the many-particle exchange
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and correlation energies under the Perdew-Burke-Ernzerhof generalized gradient approxima-
tion method.55 To carefully explore the chemical adsorption effects on the magnetic proper-
ties, the spin configurations are taken into account. The vacuum distance along the z-axis is
set to be 15 A˚ in order to suppress the van der Waals interactions between two neighboring
cells. A plane-wave basis set, with a maximum energy cutoff of 500 eV is available in the
calculations of Bloch wave functions. All atomic coordinates are relaxed until the Hellmann-
Feynman force on each atom is less than 0.01 eV/A˚. The pristine first Brillouin zone is
sampled in a Gamma scheme along the two-dimensional periodic direction by 30 × 30 × 1
k-points for structure relaxations, and then by 100 × 100 × 1 k-points for further evalua-
tions on electronic properties. Equivalent k-point mesh are builded for other enlarged cells
depending on their sizes. Furthermore, the van der Waals force, which utilizes the semiem-
prical DFT-D2 correction of Grimme56 is very useful in understanding the significant atomic
interactions between layers.
A fitting question which might be asked is how many kinds of electronic properties
(finite-gap semiconductors, zero-gap semiconductors, semimetals and metals) and magnetic
configurations (non-magnetism, ferromagnetism and anti-ferromagnetism) will be verified
using the proposed theoretical framework. The answer lies in the way we deal with the
delicate atom- and orbital-projected DOS, the atom-dominated energy bands and the spatial
charge densities before and after the adatom adsorptions, which provide much information
about the dominating chemical bondings. They could be used to identify the complex multi-
orbital hybridizations in C-C, C-T and T-T chemical bonds, being one of the topics we focus
on. Such bondings play a critical role in the fundamental properties, accounting for the rich
and unique geometric structures and electronic properties of the Fe/Co/Ni-doped graphen
systems. Moreover, the spin distributions are important for creating the diverse magnetic
configurations. The spin-polarized calculations are utilized to confirm the Fe-, Co- and Ni-
enriched magnetic configurations by the use of magnetic moments, spin-split energy bands,
spin arrangements, and spin-projected DOS.
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3 Geometric, electronic and magnetic properties
The various Fe/Co/Ni-adsorption structures, critical multi-orbital hybridizations, significant
nonmagnetism/ferromagnetism, and metallic/semiconducting behaviors are worthy of sys-
tematic investigation. The typical adatoms, concentrations, and distributions will clearly
illustrate diversified phenomena. The up-to-date experimental examinations and potential
applications are also discussed in this section.
3.1 Optimal geometric structures
The fundamental properties of transition-metal-adsorbed graphene systems are fully explored
under the various adatoms, concentrations and distributions. Based on the completely cal-
culated results, transition metals are preferably adsorbed at the hollow-site compared to
the top- and bridge-sites, which is consistent with previous theoretical predictions.25,26,57,58
The adatom distribution of transition metals on a graphene surface could be examnied by
experimental measurement, for which STM is an efficient tool. The hollow-site adsorption of
Co and Ni adatoms on graphene has been successfully executed using STM.43–45 Specially,
it is very hard for STM measurements to verify the single doping site of Fe on graphene at
low concentrations due to its small difussion barrier.59 The main characteristics of optimal
geometries, the C-C bond lengths, C-T bond lengths, and heights of the T adatoms relative
to the graphene plane, are strongly dependent on the adatom configurations, as obviously
indicated in Table 1. Clearly depicted by the side-view structure in Fig. 1, Fe/Co/Ni-doped
graphene configurations do not generate significant buckling even at high concentrations.
That is, the planar honeycomb lattice almost remains planar so that the σ bondings due
to (2s,2px,2py) orbitals of carbon atoms hardly change after the strong chemisorption (dis-
cussed later pertaining to Fig. 6). The nearest C-C bond lengths of passivated C atoms
are slightly increased in the specific ranges of 1.43-1.46 A˚, reflecting the weak modifications
in the σ bondings. Regarding the C-T bond lengths and adatom heights (measured from
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the graphene plane) at low concentrations (Fig. 1(f)), their magnitudes slightly vary within
the range of 2.11-2.13 A˚ and 1.51-1.54 A˚, respectively. At high concentration, the C-T bond
lengths and adatom heights are increased to almost 3.0 A˚ at 100% T-concentrations, which
we discuss later on.
Figure 1: (Color online) Side- and top-view of the geometric structures for Fe/Co/Ni-doped
graphene systems under various concentrations and distributions: (a) T:C = 2:6 = 33.3%∗,
(b) T:C = 2:8 = 25%∗, (c) T:C = 1:6 = 16.7%, (d) T:C = 1:8 = 12.5%, (e) T:C = 1:18 =
5.6%, and (f) T:C = 1:32 = 3.1%.
The binding energy, which characterizes the lowered total ground state energy after the
chemical adsorption of transition metal adatoms, is expressed as: Eb = (Esys−Egra−nET )/n,
where Esys, Egra, and ET are the total energies, corresponding to the adatom-adsorbed
graphene system, the graphene sheet and the isolated transition metal atoms, respectively.
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Also, n is the number of adatoms per unit cell. In general, based on our calculated results,
presented in Table 1, Fe-adsorbed graphene systems are more stable than the Co- and Ni-
adsorbed cases at high-concentration, which is in agreement with previous results presented
in.22,59,60 Specifially, for the highest concentrations (100% for the double-side adsorption),
when the C-C bond length is increased from 1.4 A˚ to 1.7A˚ during the optimization procedure,
and the height of adatom is significantly to lie in the range of 3.2 − 1.3 A˚ as shown in Fig.
2. This might be due to the van der Waals interactions between adatom layers and graphene
plane.61 Based on the total ground state energy, the larger interlayer distance between an
adatom and graphene shows greater stability, in which the corresponding C-C bond length
and adatom height of 1.45A˚ and 3.0 A˚ is the most stable. These adatom heights could
be verified using transmission electron microscopy (TEM), a useful tool for identifying the
interlayer distances of few-layer graphene.49
3.2 Electronic properties and magnetic configurations
The 2D band structures along the high-symmetry directions are helpful in examining the
main features of the electronic properties. For pristine monolayer graphene in Fig. 3(a), there
exists a pair of linear valence and conduction bands intersecting at the K/K′ point because
of the hexagonal symmetry. The intersection is located at the Fermi level (EF ) and is usually
referred to as a Dirac point. The sp2 orbitals of (2s,2px,2py) form very strong covalent σ-
bonds between nearest-neighbor carbon atoms, while the 2pz orbitals create perpendicular
pi bondings, thereby leading to the low-lying a Dirac cone structure. The σ orbitals form
the valence bands at the deeper-energy range of Ec,v < −2.5 eV, in which the band edge
states initiate from the Γ point. On the other hand, the pi valence and pi∗ conduction bands
dominate the electronic structures when |Ec,v| < 2.5 eV. This is responsible for most of the
essential properties. e.g., magnetic quantizations62 and quantum Hall effects.63 Regarding
the middle-energy electronic states, the saddle points are closely related at the M points
(the middle ones between two corners in the hexagonal first Brillouin zone, as shown in the
9
Figure 2: (Color online) Total ground state energy (E0) as a function of nearest-neighbor C-C
bond length for (a) Fe-adsorbed and (b) Ni-adsorbed graphene for ful (Fe,Ni)-adsorptions.
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inset of Fig. 3(a)). Such critical points in the energy-wave-vector space accumulate a lot of
states. Therefore, they are expected to exhibit the unusual van Hove singularities for the
DOS (shown in Fig. 7) and thus the special optical absorption structures.64,65
The low-lying Dirac-cone structure of graphene is dramatically modified after the Fe/Co/Ni-
adsorptions. For low-concentration distributions (as presented in Figs. 3(b)-3(d)), Ni-doped
graphene (shown in Fig. 3(d)) differs from the other two adatoms cases, whereby the former
is a zero-gap semiconductor and the latter cases are semimetals. This can be observed from
the position of the Dirac-cone structure compared with the Fermi level (marked by green
ellipses). For Fe and Co-doping configurations with energy bands in Figs. 3(b) and 3(c),
the Fermi level appears at the conduction Dirac cone, indicating the induced free electrons
(n-type doping). In case of Ni-doping (3(d)), the Dirac point remains the same at EF as
pristine case. The similarity among Fe, Co, and Ni bands is that their Dirac-cone structures
formed by 2pz orbitals of carbons are isotropic in the range of |Ec,v| < 0.5 eV and becomes
anisotropic in the presence of band mixing with the adatom-dominated ones. Moreover,
there exists spin-up and spin-down energy band splittings near the K and M points except
for the case of Ni-doping. There exist the newly created flat s in the energy range of E ∼ −2
eV to 1 eV, mainly dominated by transition metal and carbon atoms, as shown by the blue
circles contribution, in the valence and conduction bands, respectively. This indicates that
adatoms make major contributions from low-lying valence electronic states.
The significant Fe/Co/Ni-adsorption modifications of the electronic structure can be
achieved by tuning the concentration and distribution of adatoms, as clearly presented in
Figs. 4(a)-4(h). There still exists a Dirac-cone structure for even fully absorded configu-
rations, indicating that the pi bondings are not terminated due to the substantial adatom
heights. It is well known that the Dirac cone of graphene is initiated from the K valley.
However, it is worth noting that in some unit cells, e.g., corresponding to Figs. 1(a), 1(c)
and 1(e), it will be transferred to the Γ point as a consequence of the of zone-folding effect.
The Dirac point, originally locates at the Fermi level, has a blue shift of ∼ 0−0.8 eV corres-
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Figure 3: (Color online) Band structures in a 4× 4 supercell (32 C atoms per cell) for (a)
monolayer graphene, and (b) Fe-, (c) Co-, and (d) Ni-doped graphene with concentration
T:C = 1:32 = 3.1%. The blue circles represent the contributions from adatoms. The red
and black curves correspond to spin-up and spin-down states, respectively.
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sonding to the increasing of T-concentrations. In addition to the anisotropy for |E| >0.5 eV
around the Dirac point, the Dirac cone structure quicly becomes parabolic then partially flat
bands. Specifically for the case of Fe doping at 5.6%. This illustrates the semiconducting
case arising from the slightly separated Dirac cones. This unusual result id likely due to the
partial frustration of the pi bonding extended in the honeycomb lattice, and we refer to Fig.
4(d). There exist important differences between the high and low adatom-concentrations.
At high T-concentration (larger than 50%), the electronic dispersions are fully or partially
dominated by the adatoms, indicating the T-T and T-C bonding, in a wide energy range -4
eV < Ec,v < 2 eV. Under lower concentrations, the T-dominated bands become narrower.
Based on a literature review, the Fe/Co-doped systems are classified as magnetic materials
whereas the Ni-doped case is non-magnetic.25,26,66 After detailed and careful calculations,
our results show that this is true only for low Ni-concentration. At high Ni-concentration,
e.g. 100% as shown in Fig. 4(g), the system also has spin-up and spin-down energy split-
ting, indicating a ferromagnetic configuration. At lower concentrations, they possess zero
magnetic moments, as shown in Table 1, resulting in the absence of spin split bands, as we
can see in e.g, Fig. 4(h). More details related to the magnetic configurations will be dis-
cussed later in the spin density subsection (Figs. 5). On the other hand, the deeper strong
σ band is hardly affected by the hollow-site chemisorption, only slightly modified at high
T-concentrations (partially T-C co-dominated bands). Obviously, there exist a red shift of
the σ band ∼ 0.1−0.8 eV away from EF , depending on adatom types and concentrations.
From an experimental point of view, the rich features of the band structure could be
investigated with the use of ARPES. It is worth noting that ARPES has been employed
as a powerful experimental tool to probe the electronic band structure of graphene-related
systems, which is not possible in a transport measurement. It has been used to confirm the
Dirac cone linear energy dispersion for graphene layers on SiC.67 Moreover, ARPES can be
used to verify the effects due to doping. High-resolution ARPES observations on chemically
doped graphene of Li68,69 and K70,71 atoms have confirmed high density of free electrons
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Figure 4: (Color online) Band structures of Fe-, Co- and Ni-doped graphene: (a) Fe:C = 6:6
= 100% (double-side), (b) Fe:C = 3:6 = 50% (single-side), (c) Fe:C = 1:8 = 12.5% (single-
side), (d) Fe:C = 1:18 = 5.6% (single-side), (e) Co:C = 6:6 = 100% (double-side), (f) Co:C
= 1:18 = 5.6% (single-side), (g) Ni:C = 6:6 = 100% (double-side), and (h) Ni:C = 1:18 =
5.6% concentrations. The blue circles correspond to the contributions of adatoms.
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in the linear conduction band as evidenced by a red shift of 1.0 −1.5 eV of the pi and pi∗
bands. Similarly, the Dirac-cone shift of about 2.6 eV below the Fermi level is observed for
graphene-capped Ni silicides.50 The feature-rich bands of transition metal doped graphene,
including the red shift of the Dirac point, the degeneracy and anisotropy with different slopes
of the Dirac-cone structure, and the adatom-dependent energy bands, can furthermore be
examined with ARPES.
The configurations for the spin density distributions could provide additional informa-
tion regarding their magnetic properties. All the Fe-doped graphene structures display fer-
romagnetic behavior, as it is clearly illustrated in Figs. 5(a) and 5(h). The spin-up magnetic
moments almost dominate the spin-density arrangement, being closely related to the adatom-
dominated spin-split energy bands near the Fermi level (Figs. 3(b) and 4(a)-4(d)) and the
low-energy DOS of adatom orbitals (Figs. 7(a)-7(d)). This is in good agreement with the
spatial spin densities accumulated around the adatoms (Figs. 5(a)-5(h)). Typical magnetic
moments per Fe adatoms are about 2-3µB (Bohr magneton). They are sensitive to adatom
concentrations and distribution configurations (Table 1). In addition, similar ferromagnetic
configurations with magnetic moment ∼ 1-2µB per adatom are observed in Co-adsorption
graphene (e.g., fully occupied case in Fig. 5(g)). On the other hand, Ni-doped graphene
exhibits an average magnetic moment of 0.83µB per adatom under full and half adsorption
cases, whereas the non-magnetic behavior comes to exist at low Ni-concentrations. Obvi-
ously, the ferromagnetic moment rapidly decreases in the order of Fe > Co > Ni adatoms.
This behavior also occurs for other Fe/Co/Ni related systems, such as Fe/Co/Ni clusters
and monolayers on Au/Ir/Pt (111),72 X−Pt (X= Fe,Co,Ni),73 and Fe/Co/Ni nanowires en-
capsulated in SiC nanotube.74 In addition to the dependence on adatom type, the magnetic
moment is almost proportional to the percentage of transition metal adatoms, which might
be due to the interaction between adatoms. We note that the transition metal-created mag-
netic properties on graphene surfaces could be verified using spin-polarized STM.75,76
The charge density ρ, presented in Figs. 6(a)-6(d), and the charge density difference ∆ρ in
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Figure 5: (Color online) The spin-density distributions with top and side views under differ-
ent concentrations and distributions: (a) Fe:C = 6:6 = 100%, (b) Fe:C = 2:6 = 33.3%, (c)
Fe:C = 1:6 = 16.7%, (d) Fe:C = 1:8 = 12.5%, (e) Fe:C = 1:18 = 5.6%, (f) Fe:C = 1:32 =
3.1%, (g) Co:C = 6:6 = 100%, and (h) Ni:C = 6:6 = 100%. The red isosurfaces represent
the charge density of spin-up configuration.
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Figs. 6(e)-6(g)) can provide very useful information regarding the orbital hybridization as well
as an understanding of the dramatic changes in the electronic properties. The latter is created
by subtracting the charge density of graphene and transition metal atoms from that of the
whole system. Apparently, the pi bonding, which is formed perpendicular and continuously
extended on a graphene plane, could survive in all Fe/Co/Ni-adsorbed graphene-related
systems, as clearly illustrated by the Dirac cone structure in low-lying energy bands, and for
this we refer to Figs. 3 and 4. However, for all concentration ranges (from 100% to 3.1%), it is
still somehow affected by the extra transition metal atoms as evidenced by the pink rectangles
in Figs. 6(b)-6(d) and the pink arrows in Figs. 6(e)-6(g). This implies that the T-C bond
between (4s,3d) orbitals of the adatom and the 2pz orbital of carbon. On the other hand, the
strong σ bondings, with very high charge density between two carbon atoms as seen in the
red regions inside the black rectangles of Figs. 6(b) and 6(c) hardly depend on the Fe/Co/Ni
adsorptions, corresponding to the slightly modification of ∆ρ at high adatom concentration
(Figs. 6(e) and 6(f)) then vanishing at lower concentrations (e.g, 3.1% in Figs. 6(g)). This
is responsible for the red shift of the carbon-σ bands at deeper energies of co-dominated
(Fe/Co/Ni)-C bands in the middle energy. Specifically, the observable charge variation
within the x-y plane is seen between two neighboring transition metal atoms at sufficiently
high concentrations (100% in Fig. 6(e)), clearly indicating the multi-orbital hybridization of
T-T bonds. In short, there exist T-T, T-C and C-C bonds, for which the former is observed
under higher concentrations.
The main characteristics of the band structure are directly reflected in the atomic, orbital
and spin-projected DOS, which is responsible for the orbital contributions and hybridization
in chemical bonds. The form, number and energy of the special structures in the DOS,
originating from the band-edge states (the critical points in energy-wave vector space), are
very sensitive to chemical bonding and Fe/Co/Ni concentrations. A dip, marked by red
circles in Fig. 7(a), prominent symmetric peaks, and shoulder structures come from the
almost linear bands, the saddle point and the local extrema points, respectively. For pristine
17
Figure 6: (Color online) The spatial charge densities for (a) pristine graphene, (b) Fe:C =
6:6 = 100%, (c) Fe:C = 1:8 = 12.5%, and (d) Fe:C = 1:32 = 3.1%. The corresponding charge
density differences of Fe-doped graphene are, respectively, shown in (e)-(g).
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graphene, the pi and pi∗ prominent symmetric peaks due to 2pz-2pz bondings between C atoms
dominate the DOS within the range of |Ec,v| ≤2.5 eV.77 Furthermore, the isotropic Dirac
cone creates vanishing DOS at the Fermi level. Therefore, monolayer graphene is a zero gap
semiconductor (Fig. 7(b)). In general, these two prominent peaks emerge into several more
because of zone-folding effects. The 2pz-dependent DOS of carbon atoms are drastically
changed after adsorption. The orbital- and spin-projected DOSs show very complex van
Hove singularities and thus identify the significant multi-orbital hybridizations in T-C, C-C
and T-T bonds. All the Fe/Co/Ni-adsorbed graphene systems (Figs. 7(b)-7(g)) present a
structure with a dip due to the Dirac cone at low-lying energies with an obvious blue shift
from the Fermi momentum states, except the case of low-concentration Ni (Fig. 7(h)) with
vanishing DOS at EF .
There exist a considerable number of unusual T-dominated van Hove singularities, mainly
arising from the (4s,3dxy,3dyz,3dxz,3dz2 ,3dx2−y2) orbitals of (Fe/Co/Ni) atoms as a result
of the T-T bonds in a wide range of E ∼ −2.5 eV to EF . At higher concentrations,
the Fe/Co/Ni-dominated DOS is created with broadened energy range, indicating the T-
T bonds of (3dxy,3dyz,3dxz,3dz2 ,3dx2−y2) orbitals. Particularly, there are two pairs of orbital
hybridizations, (3dyz, 3dxz) and (3dxy, 3dx2−y2) and multi-hybridizations between them with
3dz2 orbital, in which 3dz2 orbitals contribute to the presence of the prominent peaks. Except
for low concentration Ni-doped system (Fig. 7(h)), the DOS with regard to the conduction
pi-states is finite at EF , indicating high induced free carrier density. At low T-concentrations
(Figs. 7(e), 7(f), and 7(h)), the distorted pi and pi∗ peaks are gradually recovered with spin-up
and spin-down splitting for the cases of Fe/Co-adsorbed graphene and without splitting for
the ones of Ni adsorption. Part of the pi peaks of C atoms (pink curve) are co-dominated by
the Fe/Co/Ni-created peaks at -3.0 eV ≤ E ≤ 2 eV, clearly illustrating significant hybridiza-
tion of (4s,3dxy,3dyz,3dxz,3dz2 ,3dx2−y2) orbitals of (Fe/Co/Ni) atoms and 2pz orbitals of C
atoms. Apparently, the co-dominated peaks between the 2pz orbital of carbon and (3dyz,
3dxz) and (3dxy, 3dx2−y2) orbitals of transition metals are illustrated by the yellow and cyan
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color arrows, respectively. Moreover, at very low concentration, such as 5.6% and 3.1%, the
2pz−4s hybridization in the C-T bonds (marked by green arrows) appear at the range of ∼
0.2 − 1.2 eV. In addition, the orbital-projected DOS also agrees well with the predictions
from band structure and spatial charge densities that the σ bonds between carbon atoms
almost do not take part in the T-C bond (except at very high concentrations) and only show
a slightly red shift from EF (marked by the deep blue arrows).
So far, STS measurement has been considered to be a powerful tool for examining special
features in the DOS. The differential conductance (dI/dV) is approximately proportional
to the DOS and directly reflects the shape, number and intensity of special structures in
the DOS. Additionally, STS51 and spin-polarized STS could be used to identify the unusual
electronic and magnetic configurations, and has served to verify the finite DOS near EF of
graphene flakes on graphite,78 the Fermi level red shift of Bi-doped graphene.79 The afore-
mentioned characteristics could also be verified by STS measurements on special features of
the DOS, including the dip structure below/near EF , the transition metal-induced extended
peaks, and the preserved σ shoulder. Measurements with STS on the low and middle-energy
peaks are expected to identify the configurations and concentrations of different transition-
metals types adsorbed on graphene.
Hitherto, graphene-based devices are fast developed, owing to their vital potential. Fe/Co/Ni-
doped graphene materials are well-known in the application of gas sensors to absorb harmful
gas molecules such as CO, CO2, SO2 and H2S.
58,80–84 It also could be high performance elec-
trocatalysts for oxygen reduction.85 Moreover, the performance of Li-ion batteries (LIBs)
can be improved by inserting graphene into the anode to achieve morphological optimiza-
tion and performance.86–88 Graphene can be added in the manufacture of batteries that are
light, durable and suitable for high capacity energy storage, with greatly reduced charging
time. It is expected that future studies on adatoms adsorbed graphene will achieve many
interesting applications. As reported, transition metal (Fe/C/Ni) oxides have been grown
on graphene at hollow sites based on the Kirkendall effect.89 Compared to most transition
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Figure 7: (Color online) Orbital-projected DOS of Fe-, Co- and Ni-doped graphene for the
following concentrations and distributions: (a) pristine graphene, (b) Fe:C = 6:6 = 100%,
(c) Fe:C= 3:6 = 50%, (d) Fe:C = 1:8 = 12.5%, (e) Fe:C = 1:32 = 3.1%, (f) Co:C = 1:32
= 3.1%, (g) Ni:C = 6:6 = 100%, and (h) Ni:C = 1:32 = 3.1%. The dim vertical red line
indicates the location of the Fermi level.
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metals to date, this material shows excellent performance as an anode for LIB with strong
reversible capacities and stability at a high current density. When transition metal atoms
are adsorbed on graphene, the pi bonding in pristine graphene is modified due to complex
hybridization of 2pz orbitals of C atoms and the (4s,3dxy,3dyz,3dxz,3dz2 ,3dx2−y2) orbitals of
(Fe/Co/Ni) adatoms. This leads to the transformation from zero-gap semiconductor (pris-
tine graphene) to semimetallic systems (doped-systems). The energy difference between the
Fermi level and the Dirac point increases with higher adatom concentrations, indicating a
larger number of free electrons in the conduction cone. This implies that the electronic
conductivity of Fe/Co/Ni-doped graphene is somehow enhanced since the conductivity is
proportional to the carrier concentration. Further systematic studies are needed to find out
the most suitable absorbers on graphene in order to replace graphite in the anode material
of LIBs.
4 Concluding remarks
We have demonstrated that the chemical and physical properties of transition metal-doped
graphene systems are enriched by their configurations and the concentration of adatoms.
Their geometrical, electronic and magnetic properties are closely related to the complicated
hybridizations between 2pz orbitals of the C atoms and the (4s,3dxy,3dyz,3dxz,3dz2 ,3dx2−y2)
orbitals of Fe/Co/Ni. The significant orbital hybridization, the strong σ bonding and the
weak pi bonding greatly diversify the band structures. Transition metal adsorbed graphene
might exhibit anisotropic and a split Dirac cone structure, as well as (T-T)- and (C,T)-
dominated bands at low-lying energies. There exist significant differences between Fe/Co and
Ni configurations. Most of our investigated systems display semimetallic behavior except the
low-Ni concentration cases. Additionally, the spin distributions are found to be important
for creating the diverse magnetic configurations. Specifically, for passivation of the same
sublattice, ferromagnetic configurations are revealed for all the Fe/Co-doped systems but
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only for high Ni-concentration systems. Concerning the DOS, the extra orbital hybridizations
are revealed in the DOS as several merged structures when -3 < E <2 eV. A decrease in T-
concentration results in more low-lying special structures arising from the pi and pi∗ electronic
states.
The theoretical framework proposed in this work will be useful for characterizing other
emergent materials, since we have demonstrated its effectiveness for examining the rich and
unique properties of low-dimensional structures. Further experimental examiation involving
STM, ARPES, and STS, is desirable for the aforementioned main structures of the geomet-
ric and electronic properties of Fe/Co/Ni-adsorbed graphene systems. These materials are
expected to play a role in potential applications in gas sensors and LIBs’ anode. The present
work should serve as a first step towards further investigation into other necessary prop-
erties of transition metal-doped graphene for fabrication and potential device applications.
In addition, it could pave the way for tight-binding model researchers in determining the
important hopping integrals (atomic interactions).
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Table 1: The calculated nearest passivated C-C and C-T bond lengths, adatom
heights,binding energies, energy gaps, and total magnetic moments per adatom of Fe/Co/Ni-
absorbed graphene systems. The double-side structures are labeled with *.
Adatom A:C Bond length Height Eb Eg Mtot/adatom
C-C (A˚) C-T (A˚) (A˚) (eV) (eV) (µB)
Fe 6:6=100%∗ 1.459 3.367 3.034 -2.56 0 2.9
3:6=50% 1.450 3.297 2.961 -2.26 0 2.9
2:6=33.3%∗ 1.450 2.215 1.675 -1.73 0 2.7
2:8=25%∗ 1.464 2.238 1.693 -1.81 0 2.8
1:6=16.7% 1.445 2.211 1.673 -2.13 0 2.5
1:8=12.5% 1.446 2.195 1.651 -1.90 0 2.6
1:18=5.6% 1.440 2.150 1.589 -1.26 0 2.0
1:32=3.1% 1.438 2.107 1.509 -1.02 0 2.0
Co 6:6=100%∗ 1.440 3.360 3.036 -2.31 0 1.9
3:6=50% 1.440 3.279 2.946 -1.83 0 1.9
2:6=33.3%∗ 1.450 2.418 1.935 -1.81 0 1.4
2:8=25%∗ 1.467 2.158 1.583 -1.78 0 1.6
1:6=16.7% 1.444 2.122 1.555 -1.97 0 1.3
1:8=12.5% 1.440 2.114 1.548 -1.46 0 1.3
1:18=5.6% 1.440 2.121 1.549 -1.33 0 1.0
1:32=3.1% 1.436 2.119 1.529 -1.3 0 1.0
Ni 6:6=100%∗ 1.440 3.347 3.017 -2.26 0 0.8
3:6=50% 1.450 3.231 2.887 -1.95 0 0.8
2:6=33.3%∗ 1.452 2.189 1.638 -1.4 0 0
2:8=25%∗ 1.466 2.157 1.582 -1.29 0 0.1
1:6=16.7% 1.443 2.129 1.568 -1.51 0 0
1:8=12.5% 1.438 2.126 1.566 -1.41 0 0
1:18=5.6% 1.438 2.130 1.563 -1.63 0 0
1:32=3.1% 1.436 2.127 1.538 -1.67 0 0
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Figure Captions
Figure 1: Side- and top-view geometric structures of Fe/Co/Ni-doped graphene for various con-
centrations and distributions: (a) T:C = 2:6 = 33.3%, (b) T:C = 2:8 = 25%, (c) T:C
= 1:6 = 16.7%, (d) T:C = 1:8 = 12.5%, (e) T:C = 1:18 = 5.6%, and (f) T:C = 1:32 =
3.1%.
Figure 2: Total ground state energy (E0) and the height between graphene and adatom layer of
fully Fe/Ni-adsorptions with respect to various nearest C-C bond lengths.
Figure 3: Band structures in a 4× 4 supercell (32 C atoms per cell) for (a) monolayer graphene,
and the (b) Fe-, (c) Co-, and (d) Ni-doped graphene with concentration T:C = 1:32
= 3.1%. The blue circles represent the contributions of adatoms. The red and black
curves correspond to the spin-up and spin-down states, respectively.
Figure 4: Band structures of Fe-, Co- and Ni-doped graphene: (a) Fe:C = 6:6 = 100% (double-
side), (b) Fe:C = 3:6 = 50% (single-side), (c) Fe:C = 1:8 = 12.5% (single-side), (d)
Fe:C = 1:18 = 5.6% (single-side), (e) Co:C = 6:6 = 100% (double-side), (f) Co:C =
1:18 = 5.6% (single-side), (g) Ni:C = 6:6 = 100% (double-side), and (h) Ni:C = 1:18
= 5.6% concentrations. The blue circles correspond to the contributions of adatoms.
Figure 5: The spin-density distributions with top and side views under different concentrations
and distributions: (a) Fe:C = 6:6 = 100%, (b) Fe:C = 2:6 = 33.3%, (c) Fe:C = 1:6 =
16.7%, (d) Fe:C = 1:8 = 12.5%, (e) Fe:C = 1:18 = 5.6%, (f) Fe:C = 1:32 = 3.1%, (g)
Co:C = 6:6 = 100%, and (h) Ni:C = 6:6 = 100%. The red isosurfaces represent the
charge density of spin-up configuration.
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Figure 6: The spatial charge densities for: (a) pristine graphene, (b) Fe:C = 6:6 = 100%, (c)
Fe:C = 1:8 = 12.5%, and (d) Fe:C = 1:32 = 3.1%. The corresponding charge density
differences of Fe-doped graphene are, respectively, shown in (e)-(g).
Figure 7: Orbital-projected DOS of Fe-, Co- and Ni-doped graphene for concentrations and dis-
tributions: (a) pristine graphene, (b) Fe:C = 6:6 = 100%, (c) Fe:C= 3:6 = 50%, (d)
Fe:C = 1:8 = 12.5%, (e) Fe:C = 1:32 = 3.1%, (f) Co:C = 1:32 = 3.1%, (g) Ni:C = 6:6
= 100%, and (h) Ni:C = 1:32 = 3.1%. The dim vertical red line illustrates the Fermi
level.
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